Abstract-We used classical molecular dynamics simulations to reproduce basic properties of Si, Ge and SiGe using different empirical potentials available in the literature. The empirical potential that offered the better compromise with experimental data was used to study the surface stability of these materials. We considered the (100), (100)2 × 1 and (111) surfaces, and we found the processing temperature range to avoid the structural degradation of studied surfaces.
I. INTRODUCTION
SiGe has a great relevance in the semiconductor industry since it was first used in the 45 nm strained-Si CMOS technology node [1] , to modern 3D structures such as quantum dots in optoelectronics [1] , [2] . Further advances in these fields require an accurate knowledge of phenomena occurring at the atomic level, and atomistic simulations can be very helpful in this task [3] . Classical molecular dynamics (CMD) simulations offer a good balance between computational cost, system size, and simulation time. They resort on the numerical resolution of Newton's equations of motion of the atoms of the system. Interactions among atoms are evaluated from analytical functions called empirical potentials that have to reproduce the properties of the modeled material.
Being Si the base material of electronic devices, different potentials were developed to model it: Tersoff (TS) [4] , Stillinger-Webber (SW) [5] , [6] , MEAM [7] , and EDIP [8] . Among them, TS [4] and SW [5] have been traditionally used to study Si [6] , [9] , [10] . In the case of SW, the original parametrization resulted in an incorrect value for the cohesive energy, and Nurminem et al. corrected it [6] .
For Ge, Tersoff provided the parameters that modeled this material and the mixing rules for describing Si-Ge interactions [4] . In the case of SW, there are several parameterizations to model Ge [11] - [15] . The first ones were developed by Ding and Andersen for studying the crystalline and amorphous phases of Ge [11] , and by Wang et al. for studying the vapor-liquid interface in Ge [12] . Both works modified the parameters of Si for reproducing the cohesive energy and This work has been funded by the Spanish Government under project number TEC2017-86150-P, and the JCyL Consejería de Educación y Cultura under project numbers VA097P17 and VA119G18 elastic constants [11] or the binding energy and lattice constant [12] of crystalline Ge at 0 K. Nordlund et al. modified Ding and Andersen's parameters to properly reproduce the melting temperature of Ge by reducing the cohesive energy 18% for studying collision cascades in Ge [13] . Posselt et al. also modified Ding and Andersen's parameters to have a better overall description of the cohesive energy and the melting temperature of Ge for studying the amorphous phase and the solid phase epitaxial regrowth in Ge [14] . Finally, Yu et al. modified the parameters of Si for studying diffusion processes in liquid Ge [15] . In the case of SiGe, there are two different mixing rules for Si-Ge interactions within the SW potential [16] , [17] . Laradji et al. [16] considered the arithmetic mean of the parameters of the potential to describe Si-Ge interactions, while Ethier et al. [17] used the arithmetic and the geometric mean for length and energy parameters, repectively [18] .
A careful selection of Si and Ge potentials and mixing rules for SiGe is essential to extract meaningful results from CMD simulations. In this study, we systematically compared how different potentials reproduce basic properties of Si, Ge and SiGe. We focused on the lattice parameter (l 0 ), the cohesive energy (E coh ) and the melting temperature (T m ). l 0 is key to describe the lattice mismatch on SiGe heterostructures. E coh is the depth of the potential well at the bonding distance and influences atom dynamics, i.e. how easily atoms can escape their lattice sites and diffuse. A correct T m assures the agreement between simulated and experimental temperatures. The potential that offered the better compromise of l 0 , E coh and T m with experimental values for Si, Ge and SiGe was used to study the surface structural stability with temperature of these semiconductors. This information is essential to perform CMD simulations at the higher possible temperature to accelerate atomic dynamics, but avoiding the surface degradation.
II. SIMULATION DETAILS
We used LAMMPS code [19] for evaluating l 0 , E coh and T m and for studying the surface stability using CMD simulations.
A. Lattice parameter (l 0 ) and cohesive energy (E coh )
We relaxed the zinc-blende structure of Si, Ge and SiGe with different lattice parameters using a conjugate-gradients relaxation scheme, and we evaluated the energy and pressure 978-1-5386-5779-9/18/$31.00 © 2018 IEEE of the relaxed structure. We used cubic simulation cells with dimensions of 8l 0 ×8l 0 ×8l 0 and 4096 atoms. We calculated l 0 and E coh from the minimum energy and zero pressure point, as it is shown in Fig. 1 for Si described with TS potential [4] .
B. Melting temperature (T m )
We simulated the coexistence of the solid and liquid phases at zero pressure as this liquid-solid system reaches an equilibrium state at T m . For this purpose, we used a simulation cell with dimensions of 20l 0 × 10l 0 × 10l 0 . Half of the simulation cell was melted by heating it to a temperature much higher than the expected T m . Once the melting was completed, the liquid was cool down to a temperature T ′ close to the expected value of T m . The other half of the simulation cell was kept in the crystalline phase, and it was equilibrated at T ′ . Once both parts of the sample were equilibrated at the same temperature T ′ , the system was let to evolve freely in the NVE ensemble with free surfaces in the elongated direction to assure zero pressure, and with a time step of 0.2 fs. In the case that T ′ T m , part of the crystalline region melts during the free evolution step, and the temperature is reduced. If T ′ T m , part of the liquid crystallizes and the temperature is increased. Thus, the system evolves towards the liquid-solid equilibrium, and once it is reached the temperature of the simulation corresponds to T m . We let the system freely evolve to reach the equilibrium from 4 to 12 million time steps.
C. Surface stability
We analyzed the stability of (100) and (111) surfaces shown in Fig. 2 . While (100) is the most common orientation used in conventional SiGe devices, (111) orientation can notably affect the morphology of the grown layer and it has been investigated for the fabrication of 3D structures [20] . In the case of (100) orientation, we considered the unreconstructed surface ( Fig. 2.a) and the 2×1 reconstruction (Fig. 2.b) . Atoms at these surfaces form two and three bonds with neighboring atoms, respectively. For (111) orientation, we considered the case where atoms at the surface form one bond with subsurface atoms, which will be named as "(111)-A" in the following (Fig.  2.c) , and the case were they form three bonds with subsurface atoms, which will be named as "(111)-B" (Fig. 2.d) . We performed annealing simulations during 500 ps at constant temperature in a range from 0.6T m to T m with a time step of 0.5 fs. During annealing, we evaluated the atomic mean squared displacement (MSD) as
being N the number of atoms in the group analyzed, and r i (t) the position of atom i at time t. Variations on MSD are associated to atomic rearrangements in the system. We also observed the surface atomic configuration at the end of the annealing to analyzed their structural integrity. Table I summarizes the results of l 0 , E coh at 0 K and T m for Si. These magnitudes were reported before [4] - [6] , so they served as tests of our simulations. Selected potentials properly reproduce l 0 , while E coh is well described only by TS [4] and Ref. [6] for SW. TS overestimates T m , a well known limitation commonly surmounted with a temperature scaling [21] . Agrawal et al. found parameters for TS that resulted in T m closer to the experimental value [22] , [23] . We did not consider them as neither parameters for Ge nor mixing rules for SiGe were provided. Original SW [5] results in T m very close to the experimental value, and Ref. [6] overestimates it by 6.4 %. cases that provided l 0 and E coh in agreement with experimental values. The better compromise for l 0 , E coh and T m is obtained from parameters of Ref. [14] , which overestimates T m by 7.4 %, a similar percentage to Ref. [6] for T m in Si.
III. RESULTS AND DISCUSSION
Results for SiGe are shown in Table III . There is not a clear phase transition for SiGe between the crystalline and liquid phases, but a range of temperatures where they coexists [25] . Thus, we estimated the reference parameters of SiGe as the arithmetic mean of the properties of Si and Ge. For SW, we selected parametrizations of Ref. [6] for Si and Ref. [14] for Ge as they correctly reproduce l 0 and E coh , while slightly overestimate T m , and we used the mixing rules from Laradji et al. [16] and Ethier et al. [17] . We also considered TS potential for completeness. It is also used for modeling SiGe as it properly describes some experimental properties of the material [26] - [28] . Nevertheless, since we are interested on studying the temperature stability of surfaces, an adequate value for T m is essential in the final selection of the potential. TS potential for SiGe results in good agreement of l 0 and E coh with expected values, but overestimates T m . For SW both mixing rules show good results for l 0 and E coh . We considered Ethier et al. [17] mixing rules for calculating T m , as they are consistent with the standard combination rules in binary systems [18] . Calculated T m overestimates experimental value by 8.2 %, similarly as Ref. [6] for Si and Ref. [14] for Ge.
Thus, the better overall compromise for l 0 , E coh and T m is obtained using SW potential with parametrizations of Ref. [6] for Si and Ref. [14] for Ge, and the mixing rules of Ref. [17] for SiGe. We used these SW parametrizations to study of the stability of surfaces shown in Fig. 2 for Si, Ge and SiGe.
We showed in Fig. 3 the MSD of surface, subsurface and bulk atoms, and the final atomic surface configuration of Si (100) for annealings at 1400 K and 1600 K. MSD shows a fast initial increment for surface atoms at both temperatures, which indicates the formation of a 2 × 1 reconstruction. Then, MSD continues increasing with time for surface and subsurface atoms, being the increase larger for the higher temperature. This continuous increase is due to atomic rearrangements of surface and subsurface atoms, while bulk atoms do not move from lattice positions as their MSD is constant with time. These rearrangements modify the 2 × 1 reconstruction initially formed, as it can be seen from the atomic surface configuration at the end of the annealing in Figs. 3.c and 3 .d. While it is slightly altered at 1400 K (there are some atoms connecting adjacent dimer rows), it is completely degraded at some regions for 1600 K. Thus, processing temperatures of 1600 K or higher are not adequate for (100) Si surface as the integrity of the surface is lost.
An analogous analysis was performed for the different materials and surfaces considered. Table IV summarizes the stability of surfaces as a function of temperature for Si, Ge and SiGe. We used different symbols to indicate their stability ( ), partial degradation (≈) or complete degradation (X ). In the case of Si (Table IVa) , the (100) 2 × 1 surface is stable up to almost T m in Si. Both (100) and (111)-B surfaces are stable up to 1400 K (0.78T m ), while (111)-A surface is stable up to 1300 K (0.72T m ). In the case of Ge (Table IVb) 
IV. CONCLUSIONS
Our comparative study of empirical potentials for Si, Ge and SiGe showed that Nurminem's [6] and Posselt's [14] SW parametrizations resulted in the better compromise for reproducing l 0 , E coh and T m for Si and Ge, respectively. Ethier's [17] and Laradji's [16] mixing rules for SiGe offer similar results. We selected Ethier's rules as they are consistent with the standard combination rules in binary systems [18] .
We found that (100) 2 × 1 surface shows the higher stability with temperature for Si, Ge and SiGe. The atomic structure of the surface is kept up to temperatures close to T m . Surface orientations (100) and (111) with surface atoms forming three bonds with subsurface atoms, also show a good structural stability up to temperatures of ∼ 0.8T m in the three materials. (111) orientation with surface atoms forming one bond with subsurface neighbors is the less stable with temperature as its structure is degraded at temperature above ∼ 0.7T m in the three materials. In addition, (100) surfaces shows better stability with temperature than (111) surfaces for Si, Ge and SiGe. This implies that (100) surfaces could resist treatments at higher temperature without degradation.
